ABSTRACT
Type-C RNA viruses are genetically transmitted within mouse cellular DNA (1) (2) (3) (4) . Several biologically distinguishable viruses have been demonstrated (5) (6) (7) (8) , and there is increasing evidence that the expression of each virus is specifically regulated (7, 9) . One approach toward elucidation of cellular controls affecting endogenous viruses has come from the discovery that inhibitors of protein synthesis temporarily disrupt the normally dominant repression of endogenous virus release (10) . It has previously been shown that during the period of translational inhibition there is a marked increase in cellular concentration of type-C viral RNA. Following release from protein synthesis inhibition, virus is transiently activated from a high frequency of cells. Both effects are dependent upon de novo cellular RNA synthesis during the time of drug exposure (11) . These findings have suggested that the mechanism of virus activation by translational inhibitors may involve increased transcription of viral RNA or an alteration of its post-transcriptional processing. In the present report, evidence is presented that virus induction by protein synthesis inhibitors occurs at a transcriptional level and that this alteration is specific for one endogenous virus class.
METHODS
Cells and Viruses. The derivations of cells used in these studies have been previously described (7, 8, 12) . Embryo cell cultures were also established from a wild mouse colony maintained by J. Parker, Microbiological Assoc. Viruses included BALB:virus-2 (7) , an inducible xenotropic endogenous Abbreviations: Crt, product of RNA concentration (moles of nucleotide/liter) and time (seconds); tm, melting temperature. 4541 virus of BALB/c mouse cells, and xenotropic viruses of NIH Swiss and NZB (8, 13) strains. The latter two viruses are immunologically and biochemically indistinguishable, but can be readily differentiated from BALB:virus-2 (14, 15) .
Virus Induction. An infectious center assay, which measures the frequency of virus activation of K-BALB, a line of nonproducer cells transformed by Kirsten murine sarcoma virus, has been reported (10 (16) (17) (18) . In some cases, 75 jsg/ml of calf thymus DNA, which had been previously digested by DNase for 6 hr, was added to the reaction (19) . Following incubation at 370 for 6 hr, cDNA was extracted as previously reported (16) Ag of cellular RNA or 1-100 ng of viral RNA was for 2 days at 68°, in a 0.05 ml reaction volume containing 0.6 M NaCl, 10 mM Tris-HCI, pH 7.5, and 1 mM EDTA. Hybridization was assayed with S1 nuclease (18, 20) . By comparing the Crt (moles of RNA nucleotide per liter times incubation time in seconds) values for percent hybridization at half-saturation of the different preparations to that of 70S viral RNA (2.0 X 10-2 mol sec/liter), it was possible to calculate the percent virus-specific RNA in each sample.
Preparation of Cellular RNA. Cellular RNA was extracted by the hot phenol method (21) . Nuclear and cytoplasmic fractions were isolated by the method of Busch (22) . This technique led to less than 2% contamination of nuclear with cytoplasmic RNA and less than 0.5% contamination of cytoplasmic with nuclear RNA. Nuclear RNA preparations were chromatographed on Sephadex G-200 prior to the lyophilization step to remove DNA oligonucleotides. RNA was determined by A260 and orcinol methods (23) . (14) . However, these strains are known to contain information for a different xenotropic endogenous virus (8, 13, 14) . This latter virus is spontaneously released at readily detectable levels by NZB embryo cells in tissue culture, whereas its release appears to be completely re- Table 1 t Exponentially growing K-BALB cultures containing around 5 x 105 cells in 50 mm petri dishes were exposed to the appropriate drug for 16 hr, then washed twice, and treated with mitomycin C (25 ,g/ml) for 1 hr. Following another series of washes, the cells were transferred to new petri dishes containing 105 NRK cells plated 24 hr earlier in medium containing 2 Ag/ml of Polybrene (Abbott Laboratories, Chicago). Focus formation by induced sarcoma virus was assayed 7-9 days later as previously described (10) . The fraction of virus-activated cells was determined from the number of sarcoma virus infectious centers divided by the total cells determined by hemocytometer 24 Under these conditions, the induced viral RNA should decay as a result of cellular degradative processes. If translational inhibitors primarily act to increase the rate of virus-specific RNA synthesis, the levels of viral RNA would decrease in the absence of further RNA synthesis with or without continued exposure to the inducer. However, if these drugs act to stabilize nascent viral RNA, the level of induced viral RNA would tend to be maintained under conditions of continued treatment with the inducer in the absence of any further RNA synthesis.
RESULTS

Effects of Inhibitors of Different Steps in
Cells were first exposed to cycloheximide for 8 hr. This resulted in a rise of approximately 2-fold in the cellular concentration of viral RNA (Fig. 3) . Preinduction of cells insured that the viral RNA species whose half-life would be measured was that of the induced virus. Following preinduction with cycloheximide, cultures were washed, and fresh medium containing cycloheximide with or without actinomycin D was immediately added. Other preinduced cultures received medium either alone or in combination with actinomycin D. The percent viral RNA in cells under each set of conditions was then measured at specific intervals over the next 16 hr.
As shown in Fig. 3 , cultures maintained in the presence of cycloheximide following the initial 8-hr exposure exhibited a further 1.5-fold increase in virus-specific RNA, demonstrating persistence of the induced state over the time course of the experiment. In contrast, cultures released from protein synthesis inhibition at 8 hr exhibited a decrease in their concentration of viral RNA over the next 16 hr, indicating that the induced state was maintained only in the presence of cycloheximide.
The decay of induced viral RNA in cells exposed to actinomycin D was more rapid, as would be expected under conditions where further RNA synthesis was inhibited. Its half-life was approximately 8 hr (Fig. 3) . Most importantly, exposure of actinomycin-D-treated cells to cycloheximide did not prevent viral RNA decay.
DISCUSSION
The discoveries that certain drugs (3, 4, 10) efficiently induce endogenous type-C virus from mouse cells have made it possible to investigate the cellular mechanisms that normally regulate the expression of these naturally integrated viral genes. The present report demonstrates that drugs that inhibit several different steps in translation were each capable of inducing marked elevations of virus-specific RNA, supporting the contention that this effect is mediated by translational inhibition. The rapid rise in viral RNA following exposure to the inducer suggests that this may be a proximal event in the induction process.
Previous studies have shown that inbred mouse strains contain genetic information of several distinguishable endogenous viruses, only one of which is efficiently induced by protein synthesis inhibitors (9, 10 The half-life of induced viral RNA, measured in the presence of actinomycin D, was around 8 hr. This is in good agreement with the reported functional half-life of Rauscher mouse leukemia viral RNA in chronically infected mouse cells treated with actinomycin D (25) . By a variety of techniques, the halflives of several other messenger RNAs in mouse cells were found to range from 8 to 12 hr (26) (27) (28) . Actinomycin D has been reported to decrease the half-lives of some cellular messenger RNAs (29) . In the present studies, the half-life of viral RNA determined in the presence of a high concentration (50 Ag/ml) of the adenine analogue cordycepin was very similar to that observed with actinomycin D. Since this drug inhibits cellular RNA synthesis by a mechanism that differs from that of actinomycin D, it is unlikely that actinomycin D selectively increases the degradation of induced viral RNA.
The above experimental findings are most consistent with a model in which the expression of one class of endogenous mouse type-C virus is regulated by a labile repressor protein acting at the transcriptional level. According to this model, protein synthesis inhibition would lead to decay of this protein, resulting in derepression of viral RNA synthesis. The actual release of virus would be expected to occur only following release from translational inhibition and would be likely to persist only until the control protein returned to its pretreatment level. This hypothesis is consistent with previous studies indicating that induction in response to inhibitors of protein synthesis requires cellular RNA synthesis during drug exposure and is rapidly reversed following drug removal (11) .
Disruption of normal cellular metabolism by a mechanism involving translational inhibition has been reported to affect gene regulation in other systems as well. For example, amino acid deprivation can induce colicins in bacteria (30) and cause release of the DNA tumor virus simian virus 40 from nonpermissively transformed hamster cells (31) . The availability of specific inducers as well as probes for the transcriptional and translational products of endogenous type-C viral genes makes it possible to study how genetic factors affect the biologic expression of these viruses. Such studies may also be useful in developing a better understanding of general mechanisms involved in eukaryotic gene regulation. 
